Thermal effects on the Callovo-Oxfordian and Opalinus clay rocks for hosting high-level radioactive waste were comprehensively investigated with laboratory and in situ experiments under repository relevant conditions: (1) stresses covering the range from the initial lithostatic state to redistributed levels after excavation, (2) hydraulic drained and undrained boundaries, and (3) heating from ambient temperature up to 90 Ce120 C and a subsequent cooling phase. The laboratory experiments were performed on normal-sized and large hollow cylindrical samples in various respects of thermal expansion and contraction, thermally-induced pore water pressure, temperature influences on deformation and strength, thermal impacts on swelling, fracture sealing and permeability. The laboratory results obtained from the samples are consistent with the in situ observations during heating experiments in the underground research laboratories at Bure and Mont-Terri. Even though the claystones showed significant responses to thermal loading, no negative effects on their favorable barrier properties were observed.
Introduction
Clay rocks are world-widely investigated for deep geological disposal of high-level radioactive waste (HLW) due to their favorable properties such as large homogeneous rock mass, stable geological structure, extremely low hydraulic conductivity, swelling and creep capabilities, self-sealing potential of fractures, and especially high sorption capacity for retardation of radionuclides. In France and Switzerland, for instance, the potential repositories will be constructed in the highly-consolidated CallovoOxfordian (COX) and Opalinus (OPA) argillaceous formations, respectively. They will be located at depths of more than 500 m below the ground surface. HLW canisters will be disposed in horizontal steel-cased boreholes according to the French concept (Andra, 2005) , and/or emplaced in horizontal drifts and backfilled with bentonite in the Swiss concept (Nagra, 2002) .
The clay host rocks will be impacted by thermal load from heatemitting HLW. The most concern is whether and how the favorable barrier properties of the clay rocks will be altered during the thermal period over several thousands of years under designed temperatures below 90 C. This important issue has being intensively investigated with laboratory experiments, field observations and theoretical analysis. During the last decade, a number of largeand full-scale heating experiments have been conducted in the underground research laboratories (URLs) at Mont-Terri in Switzerland and Bure in France. For instance, the French National Radioactive Waste Management Agency (Andra) and the German Repository Safety Research Institution (GRS) jointly performed a heating experiment (HE-D experiment) at the Mont-Terri-URL from 2003 to 2005 (Wileveau and Rothfuchs, 2003; Zhang et al., 2007) . The in situ experiment was accompanied by laboratory characterization of the thermo-hydro-mechanical (THM) behavior of the OPA claystone and numerical modeling of the coupled THM process in the surrounding rocks. Two other similar heating experiments named TER and TED were sequentially conducted by Andra at the Bure-URL from 2006 to 2012 (Wileveau et al., 2007; Conil et al., 2012) . GRS contributed to the TER and TED experiments with laboratory experiments on COX samples to investigate thermal effects on the clay rocks (Zhang et al., 2010 . The thermal experiments were performed not only on normal-sized core samples but also on large hollow cylindrical samples. The tests on normal samples aimed at characterizing thermal effects on deformation and strength, pore water pressure, swelling capability, sealing and permeability of fractured claystones, while the large hollow cylinder tests focused on examining thermal impact on the excavation damaged zone (EDZ) around HLW boreholes. Major findings from the laboratory experiments are compared with the field observations during the in situ heating experiments.
Characteristics of the claystones
The argillaceous formations are results of a specific geological history that lasted for hundreds of millions of years, beginning with deposition and aggregation of fine-grained particles in seawater, followed by sedimentation and consolidation with expelling of pore water, development of diagenetic bonds between mineral particles, and other processes (Horseman et al., 1996; Bock et al., 2010) . They have been highly consolidated to low porosities of 14%e18% and extremely low permeabilities of 10 À20 e10 À21 m 2 . Fig. 1 illustrates schematically the typical microstructure and the state of pore water in the COX and OPA claystones according to Andra (2005) and Bock et al. (2010) . The COX claystone contains 25%e55% clay minerals, 20%e38% carbonates and 20%e30% quartz, while the OPA claystone has higher clay contents (58%e76%), less carbonates (6%e24%) and quartz (5%e28%). The pore sizes mainly range from nanoscale (<2 nm) in between the parallel platelets of the clay particles to micro-and meso-scale (2e50 nm) between solid particles. The fraction of the pores smaller than 20 nm is about 60% in the COX claystone, while approximately 75% of the pores in the OPA claystone have a diameter in the range of 1e25 nm. The fraction of macropores (>50 nm) amounts to less than 10% for the claystones. The claystone matrix contains accessory minerals but mainly clay, which consists of particles with strongly adsorbed interlayer water and strongly to weakly adsorbed water at the external surfaces. Only a small amount of mobile water exists in macropores. Obviously, the neighboring clay particles are not directly connected, but mainly through the bound water-films. The interparticle bound water-films are capable of bearing effective stress (Zhang, 2017) . The knowledge of the microstructure and the pore water state in the claystones is helpful for understanding their macroscopic responses to thermal loading and coupled THM processes. For the laboratory experiments, a large number of core samples were extracted from the in situ test fields. Normal samples were prepared to sizes of diameter/length (D/L) ¼ 50 mm/100 mm and 100 mm/200 mm. Large hollow cylinders were prepared to sizes of 280 mm in diameter and 460e530 mm in length with a central borehole of 100 mm in diameter (d). The initial physical properties obtained from some of the tested COX samples are summarized in Tables 1 and 2 . The porosities ranged from 14% to 17%. The measured water contents of 5.5%e7.1% correspond to the saturation degrees of 82%e99%. The other COX and OPA samples used for the thermal experiments showed the similar properties (Zhang et al., 2007 (Zhang et al., , 2010 . It should be pointed out that the samples were unavoidably disturbed by coring and preparation. In order to minimize effects of sampling-induced microfissures, they were hydrostatically recompressed before thermal testing to the in situ lithostatic rock stresses or even higher stresses. 
Thermal tests on normal samples
Thermal tests on normal-sized samples were carried out in triaxial apparatus to examine thermal effects on deformation and strength, pore water pressure, and sealing of fractures. Fig. 2 shows one of the testing setups and the assembly of a sample under THM conditions. The testing equipment allows a maximum axial and radial load of 50 MPa and a maximum temperature of 200 C. Heating is accomplished using an electrical heater positioned near the bottom of the cell. Axial deformation is recorded by a linear variable displacement transducer (LVDT) mounted inside the cell between the upper and lower loading platens, while a circumferential extensometer chain is mounted around the sample at its mid-height to determine lateral deformation. The hydraulic system permits monitoring pore pressure changes and/or fluid flow through the sample.
Thermal expansion and contraction
Thermal expansion behavior of the claystones was determined by heating and cooling the samples under different isostatic stresses and undrained conditions. Strain gages were attached on the sample surface for measuring local axial and radial strains. Fig. 3 shows the strain evolution measured on a COX sample during a heating/cooling cycle under sequentially lowered confining stress of 15 MPa, 10 MPa, 5 MPa and 1 MPa. The sample with a high initial saturation degree of 96% was heated by stepwise increasing temperature from 23 C to 68 C at a rate of 1.6 C/h and then cooled down to the ambient temperature. The data show that (a) each temperature increase generated expansion in all directions; (b) the expansion did not change much with time at each constant temperature below 47 C and then a gradual contraction reversely occurred at higher temperatures; and (c) cooling down yielded contraction and then was followed by a swelling process as shown in Fig. 4 . The observed gradual contraction at high temperatures above 50 C is probably caused by consolidation of some unsaturated pores, particularly during the first heating phase at the high stress of 15 MPa. In the case of full water saturation and perfect undrained conditions, the thermal consolidation should not take place. The gradual swelling after cooling was observed for the first time (Fig. 4) . It took place in undrained condition without water supplying. This abnormal phenomenon cannot be interpreted so far and needs further investigation.
The thermal volumetric strains at different confining stresses are represented in Fig. 5 as a function of temperature. The temperature-strain curves at stresses of 1 MPa, 5 MPa and 10 MPa are close to each other. The thermal expansion obtained at the high stress of 15 MPa is relatively low due to the effect of the consolidation of unsaturated pores. Commonly, the thermal expansion obtained during each monotonic increase in temperature is almost linearly related to temperature. The departure from the linearity at the beginning of each transition phase results from the consolidation of unsaturated pores. The contraction is also linearly related to temperature during cooling from 68 C to 45 C. During further cooling down to 23 C, the thermal contraction slows down and then turns over to a complete recovery over two weeks to the initial state, except for the first load step at 15 MPa with the consolidation effect of unsaturated pores. The thermal volumetric expansion coefficient can be determined from the slope ðD 3 v =DTÞ of each linear part of the temperature-strain curve. values obtained along the heating path at the individual confining stresses. For a water-saturated porous medium, the thermal expansion is governed by the expansion of the solid grains and the pore water. The thermal volumetric expansion coefficient can be approached by
where f is the porosity; 3 v is the volume strain; a s , a w and a m are the linear expansion coefficient of the solid grains, the volumetric expansion coefficients of the pore water and the water-saturated porous medium, respectively. Using a s value of 2 Â 10 À6 C À1 for clay minerals (Noynaert, 2000) and a w ¼ 3.4 Â 10
À5 C À1 is obtained for the claystone with a porosity of f ¼ 16.5%. Additionally, the coefficient varies with temperature and stress. A linear approximation may be firstly assumed for the relationship of the thermal expansion coefficient with temperature: where T o is the reference temperature (20 C), and u is a factor.
Fitting the data obtained at the stress of 5 MPa yields
. A satisfactory agreement with the data at 5 MPa is achieved, as shown in Fig. 6 . This figure also shows that the thermal expansion coefficient decreases with increasing confining stress (except for that obtained at 15 MPa with the consolidation effect). Obviously, high stresses suppress the thermal expansion. Because of the relatively large scatter of the data, a clear relationship of the thermal expansion coefficient with confining stress cannot be yet defined.
The sedimentary clay rocks commonly exhibit thermal anisotropy with bedding structure. Fig. 7 illustrates the thermal expansion anisotropy of an OPA sample without confining load. The expansion coefficient of a t ¼ 1.6 Â 10 À5 C À1 measured in direction perpendicular to the bedding planes is about one order of magnitude higher than that of a // ¼1.5 Â 10 À6 C À1 parallel to the bedding planes. The thermal anisotropy observed may not be so significant when the claystone is subjected to confining stress such as the lithostatic stress in the rock mass, which hinders opening of microfissures lying in the bedding planes.
Thermally-induced pore water pressure
The difference in thermal expansion between pore water and solid grains in saturated claystone is the driving force for build-up of excess pore pressure in the case of heating. Because the very low permeabilities of the claystones do not allow the expanding pore water to disperse adequately, heating will result in an increase in pore pressure. Fig. 8 shows the thermally-induced pore water pressures observed on COX and OPA samples during heating and cooling in a temperature range of 30 Ce120 C.
The slightly desaturated samples were firstly resaturated by injecting synthetic pore water at pressure of 2.5 MPa under isostatic stress of 5 MPa and at temperature of 30 C for about 10 d. The subsequent undrained load to 15 MPa generated high pore pressures of 11e12 MPa at both samples. The same response to the inlet and outlet pressures at OPA sample, P in ¼ P out , suggests a hydraulic connection between the end sides of the sample. In contrast, P in and P out at COX sample behaved differently. It seemed that the outlet was not perfectly sealed or fully saturated. Moreover, the difference between P in and P out indicates a hydraulic disconnection between the end sides of the sample. This might be attributed to the highly pressured bound pore water in the narrow pore space, which acts practically as barriers against connection of mobile water in the macropores and the external reservoirs. The following undrained heating from 30 C to 60 C resulted in a large increase in pore pressure from 1 MPa to 12 MPa at COX sample and 8 MPa at OPA sample, respectively. The thermally-increased pressures remained over time, except for P out at COX sample. However, as unexpected, further heating up to 80 C, 100 C and 120 C did not produce higher pore pressures. This might result from possible escape of the thermally-mobilized pore water through the insolation boundary, which might not resist such high temperatures. The release of the pore water and the resulting dissipation of the pore pressure led to a gradual compaction of the porous medium.
According to Horseman et al. (1996) , the magnitude of the thermally-induced pore water pressure increase is dependent on the confining stress and can be evaluated by the pore pressure temperature parameter, F:
where DP w is the increment in pore pressure, and s m is the mean effective stress. Based on the test data compiled in Zhang et al. (2007 Zhang et al. ( , 2010 Zhang et al. ( , 2013 , the parameter values are estimated to F ¼ 0.01e0.025 C À1 for the COX claystone and F ¼ 0.01e0.02 C
À1
for the OPA claystone. The similar F-values indicate the comparable response of the pore water in both claystones.
Long-term deformation at high temperatures
Long-term deformation of a clay host rock is of high importance for assessment of the safety of a repository with regard to the support of the openings, compaction of the EDZ as well as the backfill/seal, and progressive closure of the repository to permanent isolation of the waste in the host rock. This important issue has been intensively investigated on the COX and OPA claystones during the last decade. Both claystones exhibit creep capability or time-dependent deformability under various THM conditions (Gasc-Barbier et al., 2004; Zhang and Rothfuchs, 2004; Zhang et al., 2007 Zhang et al., , 2013 Gräsle, 2009; Zhang, 2015) . Fig. 9 shows a recent creep test on a COX sample under multistep triaxial loads over 3.5 years at ambient temperature and in undrained condition. The sample (D/L ¼ 100 mm/190 mm) was extracted from the TED heater borehole parallel to the bedding planes and characterized with an initial porosity of 15.6%, water content of 5.9% and saturation degree of 90%. The test started with consolidation at isostatic stress of 15 MPa over a month in order to minimize the sampling-induced microfissures. Keeping axial stress s 1 ¼ 15 MPa, the lateral stress s 3 was firstly dropped down to 5 MPa. This led to a temporary radial expansion and then a progressive compression, which might be caused by closure of the remaining microfissures in the bedding planes parallel to the sample axis. The subsequent increase of s 3 to 8 MPa enhanced the radial compression. Then it followed by successive drops of s 3 down to 5 MPa, 3 MPa, 2 MPa and 1 MPa, corresponding to the increase in deviatoric stress at the constant axial stress, Ds ¼ (s 1 À s 3 )[. This produced a same evolution pattern of axial compression and radial extension during each creep phase, however, with increased strain rates at higher deviatoric stresses. Within the applied stress range of s 1 À s 3 < 14 MPa, the volumetric strain rate was still positive, d 3 v /dt > 0, indicating a gradual compaction of some unsaturated pores. Further decreasing s 3 to 0.5 MPa resulted in onset of dilatancy or damage. The volumetric strain rate became negative, d 3 v /dt < 0, as shown in Fig. 9b . The subsequent increase of the axial stress s 1 to 17 MPa, 17.5 MPa and 18.5 MPa accelerated the creep and the damage with increased dilatancy rate. When the lateral stress s 3 was increased to 1 MPa, 2 MPa and 3 MPa at s 1 ¼ 18.5 MPa, corresponding to the decrease in deviatoric stress, Ds ¼ (s 1 À s 3 )Y, the creep with damage evolution was impeded. The dilatancy rate slowed down to nearly zero. Decreasing s 3 to 1 MPa and 0.5 MPa again, the creep was accelerated with dilatancy evolution but slower than before at the same stress level. The difference in creep rate at a stress reached by uploading and unloading indicates that the creep of the claystone is dependent on the loading path due to hardening effects. This and many other creep tests under various stress conditions over long time periods of 1e7 years Zhang, 2015) indicate that: (a) the COX and OPA claystones creep already under extremely low stresses of less than 1 MPa, suggesting negligible stress threshold for creep; (b) the creep can be characterized by a transient phase with decreasing rates governed by strain hardening and a following stationary phase with an asymptotically approached constant rate; (c) the creep is dependent on load path due to hardening effects; (d) steady-state creep rate under low stresses below the damage threshold varies almost linearly with stress, which is probably controlled by diffusive mass transfer or pressure solution in bound water-films between solid particles (Rutter, 1983) ; and (e) beyond the damage threshold, the creep is accelerated by initiation and propagation of microcracks till failure.
The long-term deformation of the claystones is influenced by temperature, which was observed in creep tests under various thermal loads to high temperatures up to 90 Ce110 C. As a typical example, Fig. 10 shows two creep tests on COX samples during a heating/cooling cycle in the temperature range of 28 Ce110 C and 30 Ce60 C and under stresses of s 1 /s 3 ¼ 15 MPa/0.5 MPa and 15 MPa/3 MPa, respectively. The samples were highly saturated with water in degrees of 94%e99%. The strain-time curves obtained on each sample show that: (a) each temperature increase led to a radial expansion shortly but a slight compression in axial direction; (b) the axial, radial, and volumetric strains ( 3 1 , 3 3 , 3 v ) increased quite linearly with time at each elevated temperature below 90 C, suggesting no or less thermal transient creep; (c) at higher temperatures above 90 C, the creep slowed down; and (d) cooling down resulted in a radial contraction shortly but negligible axial strain, and almost no further creep continued at the lowered temperatures. The acceleration of creep at temperatures up to 90 C is probably contributed by the reduction of viscosity and friction resistance of bound water-films between solid particles. At higher temperatures above 90 C, the undrained conditions could not sustain, allowing the thermally-mobilized pore water release to an amount of w2% after testing. As a consequence, the pore structure was consolidated, increasing the friction resistance between particles and hence decelerating the creep at the high temperatures.
Based on the creep experiments on the COX and OPA claystones (Zhang et al., 2010 Zhang, 2015) , a creep equation for watersaturated claystone has been established by modification of the Mitchell's (1976) law, which has been derived for creep of clay soils through application of the theory of absolute reaction rate. The stationary creep rate can be expressed as function of stress and temperature: , and a is a parameter in MPa
À1
. For the watersaturated COX claystone, the parameters are established:
, and Q ¼ 45 kJ mol
. Fig. 11 compares the quantified mathematical model with the creep rates obtained along uploading path as function of deviatoric stress and temperature. A reasonable agreement can be found for the COX claystone. The creep rates obtained for the OPA claystone are relatively higher due to the high content of clay minerals, compared to those of the COX claystone. As mentioned earlier, the creep under low stresses of Ds < 10 MPa varies almost linearly with stress, which is probably controlled by diffusion in bound water-films between solid particles. Beyond that the creep is additionally contributed by microcracking.
It is noted that the presented creep results were mostly obtained under relatively low deviatoric stresses. More experiments are to be conducted under high deviatoric stresses above the dilatancy/ damage threshold to examine damage process under thermal load.
Temperature influence on strength
Thermal impact on the strength of a claystone differs from saturated to unsaturated states and from drained to undrained conditions. In saturated and undrained conditions, the claystone becomes more ductile and weaker with increasing temperature. Fig. 12 shows the undrained short-term compression behavior of the saturated OPA claystone at temperatures between 20 C and 116 C and at lateral stresses around 3 MPa. The axial load was parallel to the bedding planes. It is obvious that the claystone became more plastic at the elevated temperatures. The weakness is probably caused by thermally-induced pore pressure increase and the corresponding decrease in effective confining stress on one hand and by thermally-induced reduction of the inherent cohesion and friction resistance of the bound pore water between solid particles on the other hand. Actually, the samples had been firstly preheated under the applied isostatic stress and in undrained condition, whereby the pore water and the entire samples expanded in all directions and simultaneously high pore pressures built up due to the confinement and might tend to equilibrium with the confining stress at certain high temperatures. Correspondingly, the effective confining stress must reduce down to zero. Therefore, the strengths obtained at high temperatures of 70 Ce116 C are lower than that at 20 C, as compared in Fig. 13 with the average strength envelope for the direction parallel to the bedding planes (Bock, 2001) . The strength at 116 C is as low as the uniaxial strength at 20 C.
However, the temperature influence on the strength of the COX claystone is not so significant (Bauer, 1997; Andra, 2005) . Fig. 14 compares the peak strength values obtained on the COX samples during undrained compression at ambient temperature of 20 Ce 30 C (black points) and at elevated temperatures of 40 Ce100 C (collar points). It can be seen that the strength envelopes at different temperatures are close to each other, indicating an insignificant influence of temperature on the strength.
In contrast to the undrained thermal tests, heating a claystone in drained condition drives the existing water out of the pores, resulting in consolidation of the pore structure under confining stresses, increasing the inner friction resistance between solid particles against shearing and hence strengthening the rock. As an example, Fig. 15 illustrates the stressestrain curves obtained on a COX sample during drained heating from 27 C to 150 C at a triaxial stress state of s 1 /s 3 ¼ 15 MPa/3 MPa and then by increasing the axial load at T ¼ 150 C to failure. It can be seen that the drained heating at a rate of 2.9 C/h led to a gradual expansion in radial direction and a continuous contraction in axial direction up to the water boiling point at 100 C. Beyond this point, the radial strain changed to contraction with increasing temperature, while the axial compression continued. The axial compression under the relatively higher load is larger than the radial one. During the drained heating under the load applied, the pore water evaporated and escaped in a total amount of water content w z 6.6% from the sample, causing a volume compaction of 2.3%. The subsequent axial loading at T ¼ 150 C compacted the sample more by D 3 v ¼ 1.1% until failure at a high stress of Ds ¼ 42 MPa. The strengths reached by the drained heating tests at T ¼ 90 CÀ150 C (upper part in Fig. 14) are much higher than the undrained thermal strength.
The strength of the claystone is actually determined by the pore water or exactly by the interparticle bound pore water between solid particles, which acts in fact as stress-bearing element in the clay-water system. The detailed stress analysis for claystone is given in Zhang (2017) . The influence of water content on the strength of the COX claystone was determined in another series of experiments at ambient temperature (Zhang, 2015) . The results indicate that the uniaxial strength of the claystone increases strongly from about 20 MPa at a water content of 6% up to about 50 MPa at a lowered water content of 1%. This finding implies that the mechanical stability of the clay host rock surrounding the HLW boreholes and drifts, which are backfilled with relatively dry claybased materials, will increase during the transient heating period.
Swelling capability after heating and drying
The clay rock close to the borehole and drift walls will be heated up to the designed maximum temperature of 90 C and dried in some degrees. The mineralogical components, particularly the expansive clay minerals, may be altered. This may affect the swelling capability of the claystone and thus in turn the sealing potential of the EDZ. This issue was studied by measuring swelling strain and pressure during wetting claystone samples that had been preheated and dried at 100 C and 120 C, respectively. While the swelling deformation was measured on COX samples in unconstraint conditions, the swelling pressure was obtained on the other samples by measuring the reaction of axial stress against the rigid confinement during wetting with humid air. Details of this special test method are given in Zhang et al. (2010 Zhang et al. ( , 2013 . The results are depicted in Fig. 16a for the free swelling strain and in Fig. 16b for the swelling pressure, respectively. It can be found out that wetting by increasing the humidity from RH ¼ 15%e100% gave rise in the amount of water uptake up to 10% over 7 months, increasing the volume up to 12% (Fig. 16a) and the swelling pressure up to 4e 5 MPa (Fig. 16b) . Obviously, the heated and dried claystone still possesses significant swelling potential. In the same way, the unheated claystones exhibit relatively high swelling pressures up to 10e12 MPa at COX samples and 4.5e5.5 MPa at OPA samples Zhang, 2015) .
Thermal impact on fracture sealing
As shown before, the swelling capacity of the claystone becomes relatively lower after heating up to 100 Ce120 C. Logically, the self-sealing potential of the heated claystone, which is largely determined by the swelling, shall be altered. This important issue was examined by measuring water permeability of fractured claystones in various thermal conditions (Zhang, 2011 (Zhang, , 2013 . Fig. 17 shows the long-term evolution of water permeability measured on three cracked and preheated COX samples at 50 C, 100 C and 150 C, respectively. They were compressed at low confining stresses of 2e3.5 MPa and flowed with synthetic pore water through over more than 3 years. As soon as the water was supplied, the high initial permeability of 3 Â 10 À12 m 2 obtained by gas flow dropped immediately by five to seven orders of magnitude down to 10 À17 e10 À19 m 2 , depending on the fracture intensity of each sample. This drastic drop in permeability is mainly attributed to the water-induced swelling, slaking, and clogging of the fractures. At each load level, the permeability decreased gradually with time. The influence of the confining stress on the permeability variation was not significant in the testing range. It is interesting that the preheating up to 150 C did not hinder the sealing of the fractures in the claystone. The final permeability values determined after 3 years are very low at 3 Â 10 À20 e7 Â 10 À21 m 2 , being the same as that of the intact clay rock. Fig. 18 shows the other results obtained on cracked COX and OPA samples during heating and cooling between 20 C and 90 C for more than 3 years. The water-enhanced sealing of fractures is more significant during the first stage at 20 C. The water permeability decreased with time from 1 Â 10 À15 m 2 to 3 Â 10 À18 m 2 at OPA sample and from 1 Â 10 À17 m 2 to 5 Â 10 À19 m 2 at COX sample, respectively. The permeability reduction rate was less affected by the temperature increase up to 60 C. Further heating up to 90 C and also cooling down back to 60 C had no or only little effect on the permeability reached before. Further cooling down to 20 C, however, induced a further reduction of the permeability to 3 Â 10 À19 m 2 and 1 Â 10 À19 m 2 at both samples.
The water permeability values obtained after stabilization of each temperature stage are depicted in Fig. 19 as a function of temperature. It is obvious that the permeabilities of the fractured claystones are slightly influenced by heating and cooling. They decrease more or less with increasing temperature during heating and drop further down with decreasing temperature during cooling. Generally speaking, the self-sealing of fractures in the claystones is not affected by the applied thermal loads up to 90 C.
Large hollow cylinder tests
In order to investigate thermal impact on the EDZ around HLW boreholes, a series of large-scale heating tests was conducted on large hollow claystone cylinders in a large triaxial apparatus. It permits a maximum lateral stress of 50 MPa, axial stress up to 75 MPa, temperature up to 150 C, and fluid pressure up to 15 MPa. The hollow samples were prepared to an outer diameter of 280 mm and lengths between 460 mm and 530 mm with axially-drilled central boreholes of 100 mm in diameter (see Table 2 ). Fig. 20 shows the test layout, photos of a heater-packer and a large sample. The heater-packer inserted in the borehole allows simulating the heat output from HLW up to a maximum temperature of 150 C and the pressure up to 15 MPa. Thermal load can also be applied by means of an outer heater mounted around the cell. Axial strain is measured by a LVDT mounted in the lower piston outside the cell, while external radial strain is recorded using two circumferential extensometers installed at the middle and the lower position of 1/4 sample length. Borehole convergence is measured by the volume change of the oil in the inner packer connected to a syringe pump. Another syringe pump was connected with the inlet tube at the top to inject synthetic pore water into the sample. While the injection pressure and flux could be automatically controlled and recorded by the pump, the water outflow was measured at the bottom using a burette at atmospheric pressure.
The large hollow cylinder tests were performed by simulating the borehole conditions such as borehole excavation, backfill support, fluid flow, heating and cooling. Fig. 21 presents the results of a borehole simulation test. It started from an isotropic stress state of 15 MPa. The borehole excavation (II) was simulated by reducing the borehole pressure from 15 MPa down to 1 MPa. As unexpected, no increase in permeability was observed by injecting gas (Fig. 21c) . This indicates no build-up of any flow pathway along the sample length of half a meter. This observation implies that in the much longer disposal boreholes of tens of meters, fractures in the EDZ may not be interconnected to form hydraulic pathways in the axial direction of a long borehole. An intensive damage was then generated by increasing the external stress up to 20e24 MPa (III), which yielded a drastic increase in gas permeability from 10 À21 m 2 to 10 À15 m 2 (Fig. 21c) . However, the following injection of synthetic pore water into the fractured borehole wall (IV) led to sealing of the fractures. The measured water permeability of 1 Â 10 À18 m 2 is three orders of magnitude lower than the gas permeability measured before. The subsequent heating (V) from 30 C to 75 C resulted in a significant rock deformation towards the borehole and thus a large borehole convergence. At the increased temperature, the convergent deformation continued with time and the water permeability increased only slightly to 3 Â 10 À18 m 2 (Fig. 21d) . The cooling phase (VI) caused a divergence of the borehole but a small displacement of the outer surface towards the borehole due to the thermal contraction of the material. At the lowered temperature, the borehole tended to close up with time and the permeability decreased slightly down to 2 Â 10 À18 m 2 . The small variation of the permeability during heating and cooling is consistent with the observations made on the small samples (see Figs. 17e19 ).
In situ observations
As mentioned earlier, a number of in situ heating experiments were conducted in the URLs at Bure and Mont-Terri, whereby complex THM processes in the clay rocks were observed. Details of the experiments are given in Wileveau et al. (2007) , Zhang et al. (2007 Zhang et al. ( , 2009 . Main observations during the HE-D experiment at the Mont-Terri-URL and the TED experiment at the Bure-URL are briefly overviewed here. Fig. 22 shows the test layout and instrumentation in the HE-D experiment. The OPA clay rock was heated up to 100 C by two heaters of 3 m in length each in a horizontal borehole of 300 mm in diameter and 14 m in length. The resulting THM processes in the rock were monitored by means of 110 instruments installed in 24 Fig. 18 . Long-term measurements of water permeability on fractured COX and OPA samples during heating and cooling. measuring boreholes for temperature, deformation, pore pressure, and gas migration. Fig. 23 presents the temperature evolution at different distances to the heater. The first heating phase with a power of 650 W generated an increase of the temperature from 15 C to 43 C at the rock/heater interface over the first 3 months. The following heating phase with a power of 1950 W caused a maximum temperature of 105 C at the interface over the next 8 months. The gradual heat transfer away from the heater resulted in the build-up of a temperature gradient. The final cooling phase led to a gradual decrease of the temperature down to the initial level after 7 months. Correlated with the temperature increase during the heating phases, the pore water pressure in the heated area increased largely due to the very low permeability of the clay rock, which does not allow the expanding water moving away rapidly. As an example, Fig. 24 illustrates the evolution of the pore pressure in the near field of 1.4 m around the heater. The first heating caused a sudden pressure increase from 1 MPa to 2.5 MPa, which remained relatively constant. The second heating resulted in a much higher pressure up to 4 MPa. However, the high pore pressure dissipated then gradually due to the migration of the thermally-mobilized pore water towards the low pressure regions. The thermallyinduced pore pressure increase can be well reflected by coupled THM modeling using a constant permeability of 2 Â 10 À20 m 2 for the intact rock. That indirectly indicates that the high pore pressures do not cause fractures forming flow pathways even though exceeding the minimum principal stress of 2e3 MPa in the rock mass (Bossart and Wermeille, 2003) . Finally, the pore pressure dropped quickly down after switching-off the heat power. Moreover, heating and cooling also caused deformation of the surrounding rock. Fig. 25 depicts the evolution of rock deformation along a borehole of 13 m in length perpendicular to but about 1 m below the heater. Each heating resulted in rock expansion from the most heated area outwards. The thermal expansion toward the tunnel side was relatively large because of the lower confining stress there. The displacements at different positions reached different values up to the maximum of 4.5 mm near the tunnel wall. In contrast to heating, cooling gave a rise to gradual contraction backwards. In the deep rock side, the initial state was fully recovered after cooling, whereas the reversibility in the tunnel side was limited due to the low confining stress.
Thermal impact on the integrity of the clay rock was examined by gas and water testing after the final cooling phase. In the heated area, high gas entry pressures were recorded in a range of 0.8e 1.8 MPa and very low water permeabilities were determined between 10 À20 m 2 and 10 À19 m 2 . This high tightness of the heated rock mass against gas and water suggests that the integrity of the clay rock was not altered by the applied thermal loading. Similar results were also found in the TED experiment . This experiment was slightly different at least because there were 3 heaters installed in three parallel horizontal boreholes, as shown in Fig. 26 depicting the test layout and instrumentation. The heaters were turned on successively to simulate the emplacement procedure of real HLW canisters in boreholes. The surrounding rock was heated up to 90 C at the heater/rock interfaces over two years. The resulting THM processes in the near field around the heaters were monitored with more than 200 sensors installed in 26 boreholes. Among them, 12 boreholes were used for the measurements of pore water pressure and nine boreholes for temperature.
One of the objectives of the in situ experiment was to monitor thermal impact on the integrity of the surrounding rock. This was carried out by measurements of hydraulic conductivity of the rock mass in 14 boreholes around the heaters. Fig. 27 shows the measured values in 10 boreholes in distances of 0.32e6.7 m to the heaters. The day 0 corresponds to the start of the heating. Before heating, the initial water permeability of the intact rock was measured to values of 10 À13 À10 À12 m/s (corresponding to water permeability of 10 À20 À10 À19 m 2 ). Further measurements during the heating phase over two years showed almost no changes of the hydraulic conductivity. This most important finding is consistent with the observation during the other in situ heating experiment (HE-D) mentioned above and also with the laboratory measurements on the samples (compared in Figs. 18, 19 and 27).
Conclusions
Thermal impact on the barrier properties and the integrity of a clay host rock is the key concern for deep geological disposal of HLW. This important issue was comprehensively investigated with the laboratory and in situ thermal experiments on the COX and OPA clay rocks under the prevailing repository conditions. The laboratory tests performed on the samples and the in situ experiments carried out in the rock mass have provided the consistent results. The THM responses of the clay rocks, including thermal expansion and contraction, thermally-induced pore water pressure, temperature influences on deformation and strength, thermal impacts on hydraulic conductivity, swelling and sealing capabilities, are dependent on the inherent properties of the material itself such as mineral components, porosity, water saturation, and anisotropy, and also on the external conditions such as confining stress, hydraulic drained and undrained boundaries as well as temperature field.
In the water-saturated claystones, the thermal expansion is predominantly controlled by the pore water because of its much higher expansion coefficient compared to that of the solid grains. Under undrained and confined conditions, the water expansion causes significantly high pore water pressures. The heatinginduced expansion and pore pressure increase of saturated claystones in undrained conditions are fully reversible after cooling down. Because the thermal mobilization of the pore water decreases the inherent cohesion and friction resistance between particles, the undrained-heated claystone becomes ductile and the creep under constant stress is accelerated.
In contrast, heating in drained conditions drives the thermallymobilized pore water out of the pore space. Under external load, the release of the bound pore water leads to collapse of the pore structure and thus consolidation of the porous medium. Even under high deviatoric stresses, the consolidation is dominating before failure at the peak strength. With heating and drying, the contacts between particles become increasingly the solid-to-solid type, so that the friction resistance between particles increases, enhancing the stiffness and strength but hindering the creep.
Another more important finding is that the very low permeabilities of the clay rocks and the high sealing potentials of fractured claystones are almost not affected by the applied thermal loads up to 90 Ce120 C, so that the favorable barrier properties of the clay host rocks will not be altered during the thermal loading from HLW.
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